Introduction
============

Since their cloning and isolation in the late 1980s, chemokines have been established as crucial players in directing the movements and activity of leukocytes during immune surveillance and disease (Charo & Ransohoff, [@b16]; Richmond, [@b79]). After more than two decades, novel aspects of the chemokine system continue to emerge and its redundancy and versatility are still incompletely understood. Initially identified as small chemoattractant cytokines, which can stimulate the directed migration of neutrophils or monocytes, their known functions currently cover vast areas such as angiogenesis, embryonic development and cell homeostasis (Keeley et al, [@b43]; Raman et al, [@b75]) and their role in the pathogenesis of many inflammatory and autoimmune diseases is undisputed. One prominent example is atherosclerosis, a widespread chronic disease, which is characterized by the formation of lipid-rich lesions, called plaques, in the wall of larger arteries. These plaques develop from initial endothelial dysfunction, for example at sites of irregular blood flow, which leads to an increased uptake and subendothelial accumulation of cholesterol-rich plasma lipoproteins, namely low-density lipoprotein (LDL; Simionescu, [@b86]). Within the vessel wall, crystallization of cholesterol and the (oxidative) modification of LDL result in cell-activating pro-inflammatory species (Duewell et al, [@b25]; Navab et al, [@b67]), and uncontrolled phagocytosis of modified LDL (oxLDL) particles by macrophages results in the formation of foam cells, which secrete various factors that propagate inflammation. This causes endothelial cells to express adhesion molecules such as P-selectin or vascular cell adhesion molecule-1 promoting continuous leukocyte recruitment and influx, which leads to the progression of initial vascular lesions to full-blown atherosclerotic plaques. Although in clinical practice the complications of atherosclerosis are controlled by pharmacologic and surgical interventions, a true causative treatment for this chronic illness is still lacking. Being orchestrators of leukocyte trafficking, many chemokines are involved in directing leukocytes to sites of vascular inflammation and may thus represent attractive targets for drug therapy. In this review, a current state-of-the-art of the diverse roles of chemokines and their receptors in atherosclerosis is provided and the prospects of chemokine inhibition as therapeutic option are discussed.

Chemokine structure and mechanisms of action
============================================

As small, compact and stable proteins, chemokines are well amenable to structural characterization. They can be expressed and purified from *Escherichia coli* (*E. coli*) cells in high yields, opening the possibility for metabolic labelling with stable isotopes ^15^N and ^13^C for nuclear magnetic resonance (NMR) studies. Solution and crystal structures of chemokines were resolved in the early 1990s, revealing characteristic structural similarities between all members of the family (Clore & Gronenborn, [@b18]). The monomeric structure of chemokines is highlighted by the 'chemokine fold', which consists of a poorly resolving disordered amino (N)-terminus followed by three antiparallel beta-strands arranged in a beta-sheet and stabilized by a carboxy-terminal alpha-helix. The spacing of two conserved cysteine residues at the N-terminus determines the nomenclature and classification of the chemokine family members; in C-, CC-, CXC- and CX~3~C-chemokines. This cysteine spacing apparently determines the quaternary structure. Whereas, monomeric chemokine structures are all similar, CC- and CXC- chemokines considerably differ in their dimeric structures. Chemokine monomers of the CXC-type associate to form globular dimers by extending their three antiparallel beta-strands to a central 6-stranded beta-sheet, while CC-type chemokine dimers rather form by pairing of the N-termini and have an elongated shape. Some chemokines have the propensity to form higher-order multimers. For example, a recent study has revealed that the CC-chemokine macrophage inflammatory protein-1 (MIP-1α and -β and CCL3 and CCL4, respectively), is able to form extended helical polymers with a molecular weight of up to 3000 kDa, consisting of no less than 50 MIP-1 monomers (Ren et al, [@b77]). This polymerization of MIP-1 was found to affect its *in vivo* cell-recruiting functions in a sense that MIP-1 mutants with reduced polymerization were less effective in a mouse model of peritoneal cell recruitment. This might be explained by the observation that a MIP-1 polymer is more resistant to proteolytic degradation, for example by insulin degrading enzyme. Accordingly, the formation of larger protease-resistant polymers facilitates the gradual release of MIP-1 monomers over longer distances and might constitute a novel modality for chemokines to effectively promote chemotaxis. Although it is currently not known whether other chemokines can form such large polymers, the importance of higher-order oligomerization for their function *in vivo* has been well established (Campanella et al, [@b15]; Proudfoot et al, [@b73]).

There appears to be a functional link between the oligomerization of chemokines and their interaction with glycosaminoglycans (GAGs), since alterations that influence chemokine oligomerization often also affect their binding to GAGs. In fact, chemokines have been demonstrated to oligomerize on GAGs upon binding (Hoogewerf et al, [@b39]), leading to high local concentrations and the formation of two-dimensional 'haptotactic gradients', allowing a passing leukocyte to 'sense' the chemotactic signals presented on the endothelial surface (Rot & von Andrian, [@b80]). Support for this concept *in vivo* was provided by a recent study using transgenic mice with an inducible endothelial deficiency of the GAG heparan sulphate (Bao et al, [@b6]). Here, mice deficient in endothelial heparan sulphate showed significantly reduced migration of lymphocytes and dendritic cells (DCs) to lymph nodes, largely due to reduced presentation of the chemokines CCL19 and CCL21 on high endothelial venules. Besides presentation, GAGs have also been implied in the transport of chemokines from the basolateral to the apical side of cells (Wang et al, [@b102]), complementing the role of the duffy antigen receptor for chemokines (DARC; Pruenster et al, [@b74]). The regions in the primary structure of chemokines that are responsible for binding to GAGs are well defined and mostly involve clusters of basic positively charged amino acids that undergo electrostatic interactions with the negatively charged carbohydrate and sulphate moieties on GAGs (Salanga & Handel, [@b81]). Modification of these basic residues greatly reduces the cell-recruiting function of chemokines *in vivo* (Proudfoot et al, [@b73]). On the other hand, the introduction or presence of additional basic residues or domains leads to a strong increase in affinity to GAGs, which is exemplified by an engineered anti-inflammatory variant of monocyte chemotactic protein-1 (MCP-1/CCL2; Piccinini et al, [@b69]) or a splice variant of stromal cell-derived factor-1 (SDF-1/CXCL12; Laguri et al, [@b47]).

Glossary
--------

### Allogeneic

Cells or tissues from individuals of the same species, which are genetically different.

### Angiogenesis

Development of blood vessels in the embryo or in an adult tissue.

### Chemotaxis

Characteristic movement of somatic cells, bacteria or other organisms in response to a gradient of certain chemicals in their environment.

### Citrullination

Also called deimination. Post-translational modification of arginine into the amino acid citrulline.

### Cytokines

Intercellular protein mediators released by immune cells to regulate the immune response.

### Dendritic cells (DCs)

Antigen-presenting immune cells found in mucosa, skin and lymphoid tissue whose main function is to activate lymphocytes and secrete chemokines. Messengers between innate and adaptive immunity.

### Glycosylation

Enzymatic process, which attaches glycans to lipids, proteins or other organic molecules.

### Haptotactic gradients

Molecular gradient of surface-bound adhesive molecules, which mediates directed cell migration or outgrowth.

### High endothelial venules

Specialized post-capillary venous swellings found in lymphoid tissue, which enable circulating lymphocytes to directly enter a lymph node.

### Humanization

Endow with human characteristics. Humanized antibodies are antibodies derived from non-human species whose amino acid sequence has been modified to increase their similarity to antibodies produced in humans.

### Hypercholesterolemia

Presence of high cholesterol levels in the blood.

### Immunological synapse

Also called immune synapse. The interface between a lymphocyte and an antigen-presenting cell.

### Low-density lipoprotein (LDL)

Bad cholesterol, high circulating levels have been shown to correlate with atherosclerosis.

### Nuclear magnetic resonance (NMR)

Physical phenomenon in which protons resonate in response to a magnetic field. This phenomenon is exploited to obtain subatomic and structural information of molecules.

### Proteolytic

Relating to proteolysis. Proteolysis is the directed degradation of proteins through proteases or intramolecular digestion.

Under physiologic conditions, chemokines may undergo a large variety of post-translational modifications, many of which influence chemokine functions. The best characterized example is proteolytic cleavage by serine- and metalloproteases, but glycosylation and the recently described citrullination of the arginine residues in chemokines have also been shown to have notable effects on receptor binding and signalling (Mortier et al, [@b64]).

Chemokine signalling is initiated by binding to and activation of G protein-coupled seven-transmembrane receptors ([Fig 1](#fig01){ref-type="fig"}). Their classification is based on their specificity for the chemokine family members, for example CC-chemokine receptors (CCR) preferentially bind to CC-chemokines and CXCR analogously bind to CXC-chemokines. Activation of chemokine receptors occurs in a two-step fashion, in which the globular part of the chemokine ligand binds to the extracellular loops of the receptor and the flexible chemokine N-terminus subsequently enters a defined pocket between the transmembrane helices (Monteclaro & Charo, [@b60]). An interesting feature of chemokine receptors is their ability to form homo- and heterodimers, although the functional consequences of such interactions have been diverse (Kramp et al, [@b46]). For example, an enrichment of CCR5 and CXCR4 was observed in the immunological synapse between B and T cells, and the stimulation of T-cell responses relied on the presence of both receptors, which were found in a complex on T-cell membranes (Contento et al, [@b19]). However, in a similar study, a negative binding cooperativity was observed between the ligands for CXCR4, CCR2 and CCR5 (Sohy et al, [@b89]). The affinity of CXCR4 for its ligand CXCL12 was significantly reduced in the presence of CCR2 or CCR5 ligands, both in transfected cells as well as in naive CD4^+^ T lymphocytes. In a mouse air pouch model of leukocyte recruitment, addition of the CCR5 antagonist TAK779 strongly reduced the migration of leukocytes towards CXCL12 (Sohy et al, [@b89]). Although these studies indicate that chemokine receptors readily form heterodimers on the cell surface, the functional consequences of such interaction may vary depending on the physiologic context.

![Schematic representation of novel chemokine players in atherosclerosis and their mechanism of action towards their target cells\
Neutrophils and Ly6C^hi^ monocytes emigrate from the bone marrow through action of chemokines CXCL12 or CCL2/-20, respectively, and are recruited to atherosclerotic plaques by chemokines (*e.g.* CXCL1 or CX~3~CL1) presented on endothelial cells of the inflamed vessel wall. Inside the plaque, the CX~3~CL1--CX~3~CR1 axis promotes Ly6C^hi^ monocyte survival. Dendritic cells expressing CCL17 may control the expansion of Treg in plaques and lymph nodes. Migration to and from lymphoid organs, as well as T cell priming are mediated by signalling between CCL19/-21 and CCR7 on T cells and dendritic cells.](emmm0003-0713-f1){#fig01}

In studies with chemokine receptor-expressing cells, many chemokines were found to bind to multiple chemokine receptors and *vice versa*; observations that prompted the conceptual introduction of 'redundancy' in the field of chemokine biology (Lukacs et al, [@b55]; Mantovani, [@b58]). However, since these types of experiments do not take the spatial and temporal pattern of chemokine and chemokine receptor expression in normal physiology into account, the actual redundancy in this system *in vivo* appears overestimated (Koenen & Weber, [@b44]; Schall & Proudfoot, [@b82]). Considering that most leukocyte subsets are characterized by a combination of chemokine receptors, one can envision that in a given (patho-)physiologic context, a particular palette of chemokines is generated and presented on the endothelial surface of the vessel wall by a specific repertoire of GAGs. This palette of chemokines is able to attract the leukocyte subtype with the corresponding combination of chemokine receptors, thereby, enabling a 'tailor-made' immune response. Thus, the chemokine family can rather be perceived as an extensive and multifaceted system for conveying information.

Established and novel chemokine players in atherosclerosis
==========================================================

Given the function of chemokines as potent leukocyte attractants, their involvement in vascular inflammatory disease is conceivable and the role of many chemokines has been investigated in the context of atherosclerosis. Pioneering studies have placed the main focus on the identification of key chemokines promoting atherosclerotic disease (Boisvert et al, [@b9]; Boring et al, [@b11]; Lesnik et al, [@b50]). Later studies aimed to establish a connection between the actions of chemokines and the involvement of individual leukocyte types (Boisvert et al, [@b10]; Heller et al, [@b38]; Veillard et al, [@b98]), while contemporary work tends to unravel the function and dynamics of leukocyte subsets by characterizing their chemokine usage and receptor profile (Luchtefeld et al, [@b53]; Tacke et al, [@b92]; Weber et al, [@b104]). Chemokines or chemokine receptors that classically play a role in atherosclerosis are, for example CXCR3 and its ligands, which are active on effector T cells, CCR2 and CX~3~CR1 and their respective ligands CCL2 and CX~3~CL1, which attract monocytes, and CCR5 with its ligand CCL5, which is involved in the recruitment of both T cells and monocytes. The role of these chemokines in atherosclerotic disease has been extensively reviewed (Zernecke & Weber, [@b107]). Recent studies, however, have implicated surprising novel players from the chemokine system in atherosclerosis. In addition, established players were found to act on cell types hitherto not appreciated for their contribution to atherogenesis or to exert previously unknown functions. With advances in the definition of monocyte and lymphocyte subsets, chemokine--receptor axes were identified that specifically act on specific subsets.

Chemokine receptor usage has been intensely studied with respect to monocyte subsets. In mice, two main subpopulations can be identified: the classical or 'inflammatory' monocytes characterized by high expression of the surface markers Ly6C (also called Gr1) and L-selectin (CD62L), high expression of CCR2 and intermediate expression of CX~3~CR1 and non-classical or 'resident' monocytes, which are Ly6C^low^, CCR2^−^, CX~3~CR1^hi^ and CD62L^−^ (Gautier et al, [@b30]; Tacke et al, [@b92]). During feeding of apolipoprotein E-deficient (Apoe^−/−^) mice with a high-fat diet, the numbers of circulating classical Ly6C^hi^ monocytes rose significantly (Swirski et al, [@b91]). These cells preferentially infiltrated atherosclerotic lesions and differentiated into macrophages, suggesting that the classical subset dominates in driving atherosclerosis. The classical Ly6C^hi^ monocytes appear to utilize CX~3~CR1 and CCR2 as major receptors to enter atherosclerotic lesions, while the non-classical Ly6C^low^ monocytes mainly depended on CCR5 to enter plaques, despite a high expression of CX~3~CR1 (Tacke et al, [@b92]). Interestingly, the CX~3~CL1--CX~3~CR1 axis was found to mediate growth factor-like signals in Ly6C^low^ monocytes, rather than cell-recruiting cues (Landsman et al, [@b49]). In the absence of CX~3~CR1, Ly6C^low^ monocyte levels were significantly reduced. This could be explained by increased cell death due to a lack of CX~3~CL1 binding to CX~3~CR1, which served as a specific survival signal for this subset. Transfer of CX~3~CR1-deficient bone marrow into Apoe^−/−^ mice led to a reduction in atherosclerosis, compared to mice transplanted with CX~3~CR1-containing bone marrow. This reduction in atherosclerosis was characterized by a marked increase of apoptotic cells in the plaques of the chimeric CX~3~CR1^−/−^Apoe^−/−^ mice and could be counteracted by overexpression of Bcl-2, a molecule that prevented cell death in CX~3~CR1-deficient monocytes. Thus, it can be concluded that cell survival conferred by CX~3~CR1 constitutes its pro-atherogenic potential, rather than cell recruitment (Landsman et al, [@b49]).

Similarly, CCR2 functions are not restricted to cell recruitment. Besides mediating infiltration of classical monocytes into plaques, CCR2 specifically controls egress of Ly6C^hi^ monocytes from the bone marrow during bacterial infection (Serbina & Pamer, [@b85]) or hyperlipidemia (Tsou et al, [@b94]). Thus, the classical monocyte subset is retained in the bone marrow of CCR2^−/−^ mice and the resulting lower blood cell count might also contribute to the reduction of atherosclerosis that is associated with CCR2 deficiency (Boring et al, [@b11]). Further to CCR2, a recent study has identified CCR6 and its ligand CCL20 as relevant mediators of Ly6C^hi^ monocyte trafficking (Wan et al, [@b101]). Deficiency in CCR6 specifically reduced Ly6C^hi^ monocyte counts in Apoe^−/−^ mice during high-fat diet and intravenous injection of CCL20 caused blood monocytosis, indicating that CCR6 is involved in the regulation of Ly6C^hi^ subset release from the bone marrow. Like CCL2, CCL20 induced monocyte chemotaxis, which was CCR6-dependent, as CCR6^−/−^ monocytes were non-responsive (Wan et al, [@b101]).

Besides monocytes/macrophages, T lymphocytes are involved in the development of atherosclerotic lesions and exist in many different subtypes, which may exert pro-atherogenic or anti-atherogenic functions (Weber et al, [@b103]). For example, several studies highlight the importance of CXCR3 for the recruitment of CD4^+^ effector T cells (*e.g.* T helper 1 cells) into atherosclerotic lesions and blockade or deletion of CXCR3 or its ligand CXCL10 reduced plaque formation in mice (Heller et al, [@b38]; van Wanrooij et al, [@b96]; Veillard et al, [@b98]). However, knock-down of the CXCR3--CXCL10 axis not only reduced pro-atherogenic CD4^+^ T-cell counts in the lesions, but also increased the presence of CD4^+^ FoxP3^+^ CD25^+^ regulatory T cells (Treg), which are considered to play a beneficial role in atherosclerotic disease (Ait-Oufella et al, [@b2]; Mor et al, [@b63]). Thus, CXCR3 may represent a switch between a pro-inflammatory effector T cell- and an anti-inflammatory Treg-mediated immune response. A particularly potent subset of effector T cells carries CXCR6, the receptor for the transmembrane chemokine CXCL16, which possesses both chemokine and oxLDL-scavenger activity (Ludwig & Weber, [@b54]). These CXCR6^+^ T cells have been shown to express high amounts of interferon-γ (IFN-γ) upon activation (Calabresi et al, [@b14]), which is an important cytokine in atherogenesis. Genetic deletion of CXCR6 strongly attenuated atherosclerotic lesion formation in Apoe^−/−^ mice, owing to a strong reduction of CXCR6^+^ T cells in the aortas and secondary lymphoid organs of CXCR6^−/−^ mice (Galkina et al, [@b28]). The production of IFN-γ in CXCR6^−/−^ aortas was decreased accordingly, which led to a decreased accumulation of macrophages and, thereby, providing an explanation for the reduction of plaque formation (Galkina et al, [@b28]). Of note, whereas, CXCL16 is up-regulated during atherogenic conditions (Postea et al, [@b70]), genetic deletion of CXCL16 in hyperlipidemic mice increased atherosclerotic plaque formation (Aslanian & Charo, [@b5]). This was explained by the loss of the oxLDL-scavenging function of CXCL16, which may be more influential than the chemokine function in atherogenesis.

Beyond the role of single mononuclear cell subsets, recent studies focused on the interplay between antigen-presenting DC and T cells in the context of atherosclerosis and it is not surprising that chemokines have been implicated as important modulators herein (Luchtefeld et al, [@b53]; Weber et al, [@b104]). For example an attenuation of atherosclerotic plaque formation was observed in hyperlipidemic mice with a genetic deletion of CCR7 (Luchtefeld et al, [@b53]), a chemokine receptor, which is important for the trafficking of T cells and DC to and from lymphatic organs (Forster et al, [@b26]). This decrease of plaque formation was associated with elevated numbers of T cells and cells expressing the DC marker CD11c in the aortic roots of CCR7-deficient mice. The increased numbers of CCR7^−/−^ T cells in the atherosclerotic lesions were explained by enhanced retention of these cells within the plaques, as CCR7 signalling serves to guide cells to distal lymph nodes. Interestingly, the migration of CCR7^−/−^ T cells into the aorta was also significantly impaired compared with wild-type T cells, suggesting that CCR7 ligands might be responsible for guiding T cells to sites of inflammation. The impaired migration of CCR7-deficient T cells is paralleled by reduced homing of DC to secondary lymphoid organs, resulting in reduced priming of T cells by antigen-loaded DC. In the context of atherosclerosis, oxLDL is regarded as a major antigen that induces local and systemic immune reactions (Hansson & Hermansson, [@b36]). In a key experiment, CCR7-deficient or wild-type T cells were coincubated with oxLDL-pulsed DC and subsequently injected into hyperlipidemic CCR7^−/−^ mice. Unlike CCR7-deficient T cells, wild-type T cells primed by oxLDL-pulsed DC could revert the decrease in atherosclerotic lesion formation in CCR7^−/−^ mice. This suggests that both impaired T cell priming in the secondary lymphoid organs and defective migration of CCR7-deficient T cells are responsible for the reduction in atherosclerosis in CCR7^−/−^ mice (Luchtefeld et al, [@b53]). The findings in this study might conflict with previous work that has suggested a role for CCR7 in a model of rapid plaque regression, wherein plaque-containing aortic segments from hyperlipidemic Apoe^−/−^ mice were transplanted into normolipidemic wild-type mice (Trogan et al, [@b93]). Gene expression analysis of regressing plaques revealed an up-regulation of CCR7 mRNA and regression of plaques was inhibited by blocking antibodies against CCR7 ligands CCL19 and CCL21, indicating that CCR7-driven egress of mononuclear cells from plaques may be responsible for plaque regression in this model. This would mean that CCR7 is atheroprotective rather than pro-atherogenic. However, in a recent study implementing a novel mouse model of gene therapy-induced plaque regression, no involvement of CCR7 during regression of plaques could be observed (Potteaux et al, [@b71]). Instead, it was hypothesized that an attenuation of mononuclear cell influx after viral transfer of the Apoe-gene was the mechanism underlying plaque regression, rather than a (CCR7-driven) egress of inflammatory cells from the plaque.

One aspect that has unfortunately not been taken into account in the studies discussed above is the role of CCR7 functions in Treg, which also use CCR7 to home to lymphoid tissue and down-regulate immune responses relevant to atherosclerosis (Schneider et al, [@b83]). Recent work identified a functional link between DC and Treg in atherosclerosis, that is controlled through the chemokine CCL17 (Weber et al, [@b104]). In hyperlipidemic mice, whole-body or bone marrow-specific deficiency of CCL17 reduced atherosclerotic lesion formation, accompanied by a decreased number of macrophages and CD3^+^ T cells in the plaques. Whereas, CCL17 was found to be involved in the recruitment of CD4^+^ T cells into sites of inflammation, an accumulation of Treg in the lymph nodes and aortas of CCL17^−/−^ mice was nevertheless observed, which was absent in CCL17^+/+^ control animals. This accumulation could be explained by the control of Treg homeostasis through a CCL17-expressing DC subset in the lesions and lymph nodes of hyperlipidemic mice. Coincubation of CD4^+^ T cells with CCL17^−/−^ DC enhanced expansion of Treg and this was accompanied by lower numbers of apoptotic Treg compared to coculture with CCL17^+/+^ DC, indicating that CCL17 also serves as a suppressive signal for Treg proliferation. Reconstitution experiments revealed that injection of T cells instructed by CCL17-expressing DC was sufficient to induce atherosclerotic lesion formation in CCL17-deficient Apoe^−/−^ mice that had been depleted of CD4^+^ T cells. Finally, we could demonstrate that treatment of Apoe-deficient mice with a blocking antibody against CCL17 effectively reduced atherosclerotic plaque formation, highlighting the importance of CCL17 for Treg maintenance by DC in the context of vascular inflammation and identifying this chemokine as potential therapeutic target for the treatment of atherosclerosis (Weber et al, [@b104]).

Beyond mononuclear cells, additional blood cell types are involved in the initiation and progression of vascular inflammation, most notably neutrophils and platelets (Soehnlein & Lindbom, [@b88]; von Hundelshausen et al, [@b100]). Hypercholesterolemia induces the efflux of neutrophils from the bone marrow and increased circulating neutrophil counts accelerate atherosclerosis, particularly in early phases of disease development (Drechsler et al, [@b24]; Gomes et al, [@b33]; Zernecke et al, [@b108]). While the CXCL12--CXCR4 axis is responsible for the retention of neutrophils in the bone marrow (Martin et al, [@b59]), CXCL1--CXCR2 and CCR1, -2 and -5 were shown to be responsible for the mobilization and infiltration of neutrophils into sites of arterial inflammation, respectively (Drechsler et al, [@b24]). Further to a role in mononuclear cell recruitment, CXCR2 and CCR1, -2 and -5 might thus promote atherosclerosis by mediating the trafficking of inflammatory neutrophils to newly developing plaques. Since platelets contribute to the initiation of arterial inflammation through expression of cytokines such as CD40 ligand (CD40L) or interleukin-1 and by deposition of functionally synergistic chemokines such as CCL5 and CXCL4 onto the inflamed vessel wall (von Hundelshausen et al, [@b99], [@b100]), they may cooperate with neutrophils to drive the progression of early atherosclerotic lesions. In addition, CD40L on platelets is important for atheroprogression by mediating endothelial and macrophage CCL2 expression and promoting platelet--leukocyte and platelet--endothelium interactions (Lievens et al, [@b52]). Platelets also influence the functions of T lymphocytes, for example by enhancing adhesion of T cells to collagen-coated surfaces *in vitro* and arterial thrombi *in vivo* (Hu et al, [@b41]). In cocultures with CD4^+^ T cells, platelets inhibited the proliferation but promoted the differentiation of these cells into T helper type 1, type 17 and Treg phenotypes, an effect dependent on platelet--lymphocyte communication through direct cell--cell contact and signalling via CCL5 and CXCL4 (Gerdes et al, [@b31]). Thus, platelets may modulate the course of inflammatory vascular disease on multiple levels. An overview of the chemokines involved in atherosclerosis is given in [Table 1](#tbl1){ref-type="table"} and the novel mechanisms of chemokine control of atherosclerotic plaque progression are schematically represented in [Fig 1](#fig01){ref-type="fig"}.

###### 

Established and novel chemokine players, functions and cellular targets in atherosclerosis

  Chemokine(s)    Receptor(s)   Effect on cell type                                                                      References
  --------------- ------------- ---------------------------------------------------------------------------------------- ----------------------------------------------------
  CXCL9,-10,-11   CXCR3         Recruitment of effector T cells and Treg to plaques                                      Heller et al ([@b38]) Veillard et al ([@b98])
  CCL2            CCR2          Recruitment of Ly6C^hi^ monocytes to plaques Emigration of Ly6C^hi^ monocytes from BM    Tacke et al ([@b92])
  CX~3~CL1        CX~3~CR1      Recruitment of Ly6C^hi^ monocytes to plaques Survival of Ly6C^lo^ monocytes in plaques   Tacke et al ([@b92])
  CCL5            CCR5          Recruitment of Ly6C^hi^ monocytes to plaques                                             Tacke et al ([@b92])
  CCL20           CCR6          Recruitment of Ly6C^hi^ monocytes to plaques Emigration of Ly6C^hi^ monocytes from BM    Wan et al ([@b101])
  CXCL16          CXCR6         Recruitment of IFNγ^+^ T cells to plaques Scavenging of oxLDL (CXCL16)                   Galkina et al ([@b28]) Aslanian & Charo ([@b5])
  CCL19,-21       CCR7          Trafficking of T cells and DC to SLO Recruitment of T cells and Treg to plaques          Schneider et al ([@b83]) Luchtefeld et al ([@b53])
  CCL17           CCR4          Homeostasis and recruitment of Treg in/to plaques and SLO                                Weber et al ([@b104])
  CCL5            CCR1          Recruitment of neutrophils to arterial injury                                            Drechsler et al ([@b24])
  CXCL1           CXCR2         Recruitment of neutrophils to arterial injury                                            Drechsler et al ([@b24])

BM, bone marrow; IFNγ, interferon gamma; SLO, secondary lymphoid organ.

Traditional chemokine-based therapeutics for treating cardiovascular disease
============================================================================

The involvement of the chemokine system in the vast amount of inflammatory diseases has prompted researchers in both commercial and non-profit organizations to investigate the possibility of pharmacologic intervention. This seems feasible, since 50% of the drugs on the market are targeted against G protein-coupled receptors, which also encompass chemokine receptors. Having defined pockets for chemokine binding and activation, chemokine receptors are well amenable to the design of small molecular inhibitors. Numerous small-molecular inhibitors have been designed, through which direct and full blockade can be achieved. One of the first, TAK779 (Takeda) was originally conceived as an inhibitor for human immunodeficiency virus (HIV) entry into host cells. TAK779 potently blocks CCR5 in humans and additionally inhibits CXCR3 in mice (Gao et al, [@b29]). Administration of TAK779 in mice effectively reduced atherosclerotic lesion formation due to a decrease of T helper type 1 cells in the lesions (van Wanrooij et al, [@b95]). This finding might imply that blockade of CCR5 might also decrease the risk for atherosclerosis in HIV-infected individuals, who are at increased risk for cardiovascular events. However, this study unfortunately did not reveal whether the observed beneficial effects were due to the blockade of CCR5 or CXCR3 or both by TAK779. In later work, the reduction of atherosclerosis with the specific CXCR3 antagonist NBI-74330 (Amgen) resulted in less effector T cells in the draining lymph nodes and led to an increased amount of Treg in lymph nodes and plaques (van Wanrooij et al, [@b96]). Thus, through the blockade of CXCR3, the migration of effector T cells can be reduced to the benefit of Treg, leading to a net reduction of the inflammatory response. Interestingly, the CXCR2 antagonist SB-517785-M (GlaxoSmithKline) was found to reduce angiotensin II-induced leukocyte recruitment in rat arterioles (Nabah et al, [@b66]). Through its potential to inhibit the influx of neutrophils, this compound might be beneficial to prevent the initial phase of atherogenesis (Drechsler et al, [@b24]), implying that inhibition of CXCR2 might exert benefits for the prevention of atherosclerotic disease in patients at risk. A chemokine that has historically been in focus as therapeutic target for the treatment of cardiovascular disease is CCL2. In mice, pharmacologic blockade of the CCL2--CCR2 axis has shown variable success. For example, a blocking antibody against CCL2 and CCL12 reduced plaque formation and inflammatory leukocyte infiltration in Apoe^−/−^ mice (Lutgens et al, [@b56]). However, no reduction in atherosclerosis was observed in mice treated with INCB-3344, a potent CCR2 antagonist, although this antagonist reduced the number of circulating inflammatory Ly6C^hi^ monocytes (Aiello et al, [@b1]). A small molecular inhibitor of CCR2, CCX140 (ChemoCentryx) has recently completed a phase 2 clinical trial for type 2 diabetes mellitus. This antagonist might also show beneficial effects in patients with cardiovascular disease, but relevant clinical studies are not yet available (Charo & Taub, [@b17]). While these results collectively indicate that inhibition of chemokine receptors in principle hold promise for the prevention and treatment of cardiovascular disease, some caveats remain. Whereas, blockade of CXCR4 with the small-molecule antagonist AMD3465 (AnorMED) decreased neointima formation after arterial injury in mice (Karshovska et al, [@b42]), long-term treatment with AMD3465 increased diet-induced atherosclerosis by mobilizing neutrophils from the bone marrow and increasing their recruitment to plaques (Zernecke et al, [@b108]).

Another established way to achieve inhibition of the chemokine axis is through the use of blocking antibodies. Due to their high specificity and their often favourable plasma half-life, antibodies are generally suitable agents for therapeutic intervention. However, the necessity for administration by injection, their high production costs and the risk for allergic reactions or the generation of an adverse immune response are drawbacks of the antibody approach, although the latter can be prevented by humanization procedures. Nevertheless, for cytokines such as tumour-necrosis factor (TNF)-α, antibody-based therapeutics have already been approved for the treatment of autoimmune diseases over a decade ago. Also for chemokines and their receptors, various antibody-based drug candidates have entered clinical trials, although this has not led to notable breakthroughs so far. For example, the humanized anti-CXCL8 antibody ABX-IL8 (Abgenix) has showed disappointing results in clinical trials for the treatment of rheumatoid arthritis, psoriasis and COPD (Wells et al, [@b105]). In addition, the humanized monoclonal antibodies ABN-912 (Novartis) and MLN1202 (Millenium), which are directed against CCL2 and CCR2, respectively, were also inactive when clinically assessed for their benefit in rheumatoid arthritis (Schall & Proudfoot, [@b82]). In a phase II clinical trial, however, MLN1202 has been shown to reduce serum C-reactive protein levels in patients at risk for cardiovascular disease (Gilbert et al, [@b32]), suggesting that CCR2 blockade reduces inflammation for this condition and might supplement current treatment options, namely statin therapy. Other antibodies directed against the chemokine system with therapeutic potential that are currently in clinical trials is the CCR5-specific HGS004 (HGS Inc.) as anti-HIV agent and the CXCR3-specific MDX-1100 (Bristol-Myers-Squibb) for treatment of rheumatoid arthritis ([Table 2](#tbl2){ref-type="table"}).

###### 

Chemokine--receptor antagonists with therapeutic potential for cardiovascular disease

  Compound                Target                                       Study outcome                                                                                        References
  ----------------------- -------------------------------------------- ---------------------------------------------------------------------------------------------------- -----------------------------------------------------
  TAK779                  CCR5/CXCR3                                   Reduction of atherosclerosis in mice                                                                 van Wanrooij et al ([@b95])
  NBI-74330               CXCR3                                        Reduction of atherosclerosis in mice                                                                 van Wanrooij et al ([@b96])
  SB-517785-M             CXCR2                                        Reduced arteriolar leukocyte arrest in rats                                                          Navab et al ([@b67])
  MLN1202                 CCR2                                         Reduction of plasma CRP levels in patients                                                           Gilbert et al ([@b32])
  CCX140                  CCR2                                         Phase II clinical trial completed[a](#tf1-1){ref-type="table-fn"},[b](#tf1-2){ref-type="table-fn"}   Charo & Taub ([@b17])
  INCB-3344               CCR2                                         No reduction of atherosclerosis in mice                                                              Aiello et al ([@b1])
  ABX-IL8                 CXCL8                                        Poor results in a Phase II clinical trial[b](#tf1-2){ref-type="table-fn"}                            Mahler et al ([@b57])
  ABN-912                 CCL2                                         Ineffective in a Phase II clinical trial[b](#tf1-2){ref-type="table-fn"}                             Haringman et al ([@b37])
  HGS004                  CCR5                                         Phase I clinical trial completed[b](#tf1-2){ref-type="table-fn"}                                     Lalezari et al ([@b48])
  MDX-1100                CXCR3                                        Phase II clinical trial completed[b](#tf1-2){ref-type="table-fn"}                                    Yellin et al ([@b106])
  AMD3465                 CXCR4                                        Reduction of neointima formation, increase of atherosclerosis in mice                                Karshovska et al ([@b42]), Zernecke et al ([@b108])
  Met-RANTES              CCR1, -5                                     Reduction of neointima formation and atherosclerosis in mice                                         Schober et al ([@b84]), Veillard et al ([@b97])
  \[^44^AANA^47^\]-CCL5   CCL5                                         Reduction of atherosclerosis and ischemia--reperfusion injury in mice                                Braunersreuther et al ([@b13], [@b12])
  PA508                   CCL2                                         Reduction of neointima formation and ischemia--reperfusion injury in mice                            Liehn et al ([@b51])
  M-T7                    Chemokines[c](#tf1-3){ref-type="table-fn"}   Inhibition of transplant vasculopathy in mice                                                        Dai et al ([@b20])
  CKBP                    Chemokines[d](#tf1-4){ref-type="table-fn"}   Not yet assessed                                                                                     Smith et al ([@b87])
  Evasin-1, -3, -4        Chemokines[e](#tf1-5){ref-type="table-fn"}   Reduction of ischemia--reperfusion injury in mice (Evasin-3)                                         Montecucco et al ([@b61])
  MKEY                    CCL5/CXCL4[f](#tf1-6){ref-type="table-fn"}   Reduction of atherosclerosis in mice                                                                 Koenen et al ([@b45])
  Anti-CCL17-Ab           CCL17                                        Reduction of atherosclerosis in mice                                                                 Weber et al ([@b104])

CRP, C-reactive protein; Ab, antibody.

Results from animal models not disclosed by company (ChemoCentryx).

Clinical trials were performed for diseases other than atherosclerosis.

M-T7 inhibits chemokine binding to GAGs.

CKBP inhibits various chemokines of the CC-, CXC- and CX~3~C-classes.

Evasins inhibit various chemokines of the CC- and CXC-classes.

MKEY inhibits the heterophilic interaction between CCL5 and CXCL4.

Novel classes of chemokine blockers
===================================

Alternatively to the more conventional approaches of small molecular antagonists and antibodies, a number of innovative chemokine antagonists have been developed. Additionally, interesting chemokine-neutralizing proteins with therapeutic potential have been isolated from parasites. The application of novel compounds might be feasible, for example in the case of heterogeneity in the target chemokine or chemokine receptor, for example due to post-translational modifications that modify the affinity of the target for an antibody or small molecule antagonist.

Owing to their compact and robust structures and the relative ease of producing them by recombinant methods, chemokines themselves have been subject to structural modification, which resulted in potent antagonists (Koenen & Weber, [@b44]). Prototypic for modified chemokines is an N-methionylated variant of CCL5 (Met-RANTES) with antagonistic properties identified by serendipity after expression of CCL5 in *E. coli* (Proudfoot et al, [@b72]). The administration of Met-RANTES has been shown to exert beneficial effects in various mouse models of inflammatory disease (Ajuebor et al, [@b3]; Berres et al, [@b7]; Song et al, [@b90]), including atherosclerosis and neointima formation after arterial injury (Schober et al, [@b84]; Veillard et al, [@b97]). Notably, CCL5 can be considered a key determinant of disease severity, since blockade of CCL5 by antibodies or engineered antagonists has shown beneficial results in various mouse atherosclerosis and heart ischemia--reperfusion models (Braunersreuther et al, [@b13], [@b12]; Montecucco et al, [@b62]). In general, N-terminal modifications of chemokines led to variants with reduced activity and antagonistic potential, a characteristic that has been exploited in recent studies that varied the N-terminal amino acids of CCL5 and CX~3~CL1 in a phage display library, yielding interesting novel antagonists (Dorgham et al, [@b23]; Gaertner et al, [@b27]). These new antagonists have not been investigated in atherosclerosis models, however. In an analogous manner, N-terminal truncated mutants of CCL2 and CXCL8 effectively bound but failed to activate their receptors (Gong & Clark-Lewis, [@b34]; Moser et al, [@b65]). Besides the N-terminus, the GAG-binding domain and the amino acids responsible for oligomerization are interesting targets for mutagenesis and their modification has also resulted in chemokine variants with antagonistic potential. This is exemplified by a mutation of proline 8 into alanine in CCL2, which resulted in an obligate monomeric form that retained *in vitro* activity towards CCR2 but nevertheless acted as an antagonist *in vivo*, possibly by displacing endogenous CCL2 from GAGs on the vessel wall (Handel et al, [@b35]). Likewise, mutation of the GAG-binding sites in CCL5, CCL7 and CXCL12 yielded chemokine mutants that were competent in receptor activation *in vitro* but possessed anti-inflammatory dominant-negative properties in animal models of inflammation, including atherosclerosis (Ali et al, [@b4]; Braunersreuther et al, [@b12]; O\'Boyle et al, [@b68]). It is intriguing how chemokine mutants with reduced oligomerization or binding to GAGs might nevertheless act as inhibitors for their wild-type counterparts. For chemokines that form higher-order oligomers, such as CCL5, the mutant CCL5 might pair with endogenous CCL5 to form biologically inactive heteromers. Yet, for chemokines that maximally form dimers, such as CCL2 and CXCL12, the mechanism of action of their mutants is less clearly defined. One explanation might be desensitization of their cognate receptors by the mutant chemokines, which may still act as partial agonists *in vivo*.

By combining gain-of-function with loss-of-function modifications, a new class of chemokine blockers with increased potential to bind to GAGs but without affinity for their cognate receptors has been engineered, such as the recently described PA508 (Piccinini et al, [@b69]). This novel chemokine antagonist is a modified form of CCL2 with an engineered additional GAG binding site and mutation of residues critical for CCR2 binding and activation. This resulted in strongly increased binding to GAGs, yet decreased affinity for CCR2. In our recent study in mice, administration of PA508 resulted in reduced neointima formation after arterial injury, due to a reduced infiltration of monocytes in the lesions (Liehn et al, [@b51]). In a model of myocardial ischemia and reperfusion, PA508 reduced myocardial damage and improved cardiac function by decreasing the immigration of monocytes and beneficially altering scar composition. Thus, by competing with endogenous CCL2, PA508 attenuates the inflammatory response after arterial and myocardial injury and is able to reduce inflammatory cell influx. Similar results were achieved with proteins derived from pox or herpes virus, which were able to inhibit the binding of chemokines to GAGs on the vessel wall (Dai et al, [@b20]). In an allogeneic vascular transplant remodelling model in mice, a single injection of pox virus M-T7 protein, which inhibited chemokine binding to GAGs, strongly reduced transplant neointima formation in wild-type and CCL2^−/−^ transplants, but not in ndst-1^−/−^ transplants, indicating that the inhibitory effects of M-T7 were specific for chemokine--GAG interactions. In addition to proteins that modulate the presentation of chemokines on the vessel wall, GAGs themselves might remove chemokines from vascular endothelial cells. This has been exemplified by a study showing that the administration of heparin in patients led to an increase in plasma concentrations of the CXCR3-ligands CXCL9, -10 and -11 (Ranjbaran et al, [@b76]). Further investigation revealed that heparin displaced these chemokines from the endothelial GAGs, leading to a reduced transendothelial migration of T cells *in vitro* and recruitment of allogeneic lymphocytes in a mouse arterial allograft transplantation model. The above studies indicate that interference with chemokine binding to GAGs might present an attractive approach for the treatment of vascular inflammatory disease.

Other chemokine-binding proteins from pathogens have been cloned and expressed, and these molecules represent potent anti-inflammatory agents in animal models. For example, a 36 kDa protein secreted from eggs of the nematode *Schistosoma mansoni* (secreted chemokine binding protein, CKBP) was found to inactivate chemokines across the CC-, CXC- and CX~3~C-families and reduced leukocyte recruitment in several mouse models of inflammation (Smith et al, [@b87]). In addition, the saliva of ticks contains proteins that attenuate immune reactions. Among these proteins are the recently discovered Evasins, a group of compact chemokine-inactivating proteins with high selectivity for members of the different chemokine subclasses (Deruaz et al, [@b21]). Evasin-1 and -4 bind to CC-chemokines (*e.g.* CCL3, -4 and -5), whereas, Evasin-3 selectively binds to the CXC-chemokines CXCL1 and CXCL8 (CXCL2 in the mouse). The 3D structure of Evasins-1 and -3 has been determined and both are very compact and characterized by unique structural folds, dissimilar to other (*e.g.* viral) CKBPs (Deruaz et al, [@b21]; Dias et al, [@b22]). In co-crystallization studies, Evasin-1 was shown to form a 1:1 complex with CCL3, in which the flexible N-terminus of the chemokine is embraced by the C-terminus of Evasin-1 (Dias et al, [@b22]). The resulting immobilization of the CCL3 N-terminus by Evasin-1 might be the mechanism underlying the potent chemokine inhibition. The therapeutic potential of Evasin-3 was explored in models of heart ischemia--reperfusion in the mouse (Montecucco et al, [@b61]). Here, a single administration of Evasin-3 shortly after the onset of ischemia was sufficient to reduce post-ischemic infarct size compared to vehicle-treated animals. This reduction of cardiac tissue damage was accompanied by lower concentrations of circulating troponin I and a decreased infiltration of neutrophils at the site of injury, which is the primary cell type attracted by CXCL1 and CXCL2. Thus, these studies suggest that chemokine-neutralizing proteins from pathogens might hold potential as anti-inflammatory agents for the treatment of cardiovascular disease.

Finally, innovative strategies for manipulating the chemokine system have been conceived that might hold promise as future pharmaceutics. The therapeutic use of antibodies for instance might be replaced by high-affinity blockers constructed on a protein scaffold in the future (Binz et al, [@b8]). Such scaffolds might be more effective to produce and considering a potential redundancy in the chemokine system, they could also be equipped with binding sites to multiple targets. Another possibility is the disruption of pro-atherogenic heteromers of the platelet-derived chemokines CCL5 and CXCL4. Since CCL5 and CXCL4 form a heteromeric complex with an increased potential to attract monocytes to sites of inflammation (von Hundelshausen et al, [@b99]), we hypothesized that the selective dissociation of this complex might be an interesting anti-inflammatory approach. A synthetic peptide termed MKEY, which was designed for this purpose, resulted in a significant decrease in atherosclerotic lesion formation in hyperlipidemic mice, due to a reduction of lesional macrophage accumulation (Koenen et al, [@b45]). The efficiency of this MKEY peptide required the presence of both CCL5 and CXCL4, indicating the specificity of this antagonist. Moreover, unlike the CCR1/-5 antagonist Met-RANTES, host defense functions, for example during herpes simplex type-2 infection were preserved after treatment with MKEY, indicating that normal immune functions are unaffected during the disruption of CCL5--CXCL4 heteromerization. Another potential strategy is altering immune cell homeostasis through the inhibition of chemokines with homeostatic functions. The feasibility of this approach was recently demonstrated by our study showing that through the inhibition of CCL17 by a blocking antibody in Apoe^−/−^ mice, an expansion of beneficial Treg in lymph nodes and aortas was achieved, which resulted in a significant attenuation of atherosclerotic lesion formation (Weber et al, [@b104]). Thus, the modulation of lymphocyte homeostasis through the functional manipulation of CCL17 harbours opportunities for the design and application of novel therapeutics for the treatment of atherosclerotic vascular disease. A summary of the antagonists with potential benefit for the treatment of cardiovascular disease is listed in [Table 2](#tbl2){ref-type="table"}.

Concluding remarks
==================

It is undisputed that the chemokine system plays an important role in the pathophysiology of cardiovascular disease. However, although research in this field is extensive, only 2 chemokine receptor antagonists have currently achieved FDA approval: the CCR5 antagonist Maraviroc for the treatment of HIV and the low molecular weight CXCR4 antagonist Plerixafor (AMD3100) for aiding stem cell mobilization. This highlights the still existing challenges in developing suitable compounds directed against the chemokine system in the context of inflammatory disease. A compound may fail due to numerous reasons and most problems that are encountered during the development of a drug are unforeseen and surface particularly during the clinical evaluation in human subjects, emphasizing the differences between animal models and the course of human life. Unexpected adverse drug interactions, lack of efficiency or heterogeneity in a patient population are only a selection of problems that may arise. In addition, some scientists argue that the search for chemokine-based therapeutics is hampered by the redundancy in the chemokine system (Horuk, [@b40]), while others advocate for a better conceived target selection and the improvement of drug dosage regimens (Schall & Proudfoot, [@b82]). Even if this results in effective agents that target the chemokine system, potential safety issues with respect to host defense have to be considered. This is emphasized by studies in mice, demonstrating an impaired mobilization of monocytes from the bone marrow in the absence of CCR2 after microbial infection (Serbina & Pamer, [@b85]) and recent work revealing a narrow therapeutic bandwidth between beneficial and defense-impairing treatment with Met-RANTES in a model of experimental periodontitis (Repeke et al, [@b78]). Thus, novel and innovative approaches are still needed to tackle the diverse problems that are currently present in the development of chemokine system-based therapeutics. The selective inhibition of chemokine--chemokine and chemokine--GAG interactions, the use of newly identified chemokine-inhibiting proteins from ticks or viruses, or the modulation of lymphocyte homeostasis, for example by the blockade of CCL17 might open fresh perspectives for the therapeutic targeting of the chemokine system in atherosclerosis and other inflammatory diseases. However, these novel approaches each harbour their inherent drawbacks, such as pharmacologic barriers for synthetic peptide-based compounds, specificity issues for chemokine--GAG-based therapeutics or immunologic safety issues for chemokine-binding proteins and compounds blocking homeostatic chemokines. Thus, even though novel innovative approaches are under development, the way towards truly effective therapeutics based on the chemokine system may still remain curved and bumpy.

###### Pending issues

It would be of exceptional interest to investigate the spatial and temporal expression patterns of chemokines during the development of inflammatory (atherosclerotic) diseases. This would also allow better target and dosage selection for the design of effective therapeutics.Different agonists that bind to the same chemokine receptor are known to elicit different cellular responses. The mechanisms behind this phenomenon are largely unknown.Novel and specific drug targets can be revealed through the identification of heterophilic chemokine--chemokine or chemokine receptor--receptor interactions.Through the identification of cell types that have previously been underappreciated to play a role in the pathophysiology of atherosclerosis, novel entry points for drug design can be created.
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Information about chemokine receptor nomenclature: [www.iuphar-db.org](http://www.iuphar-db.org)
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